Nowadays, the finite element method (FEM) -boundary element method (BEM) is used to predict the performance of structural-acoustic problem, i.e. the frequency response analysis, modal analysis. The accuracy of conventional FEM/BEM for structural-acoustic problems strongly depends on the size of the mesh, element quality, etc. As element size gets greater and distortion gets severer, the deviation of high frequency problem is also clear. In order to improve the accuracy of structural-acoustic problem, a smoothed finite-element/boundary-element coupling procedure (SFEM/BEM) is extended to analyze the structural-acoustic problem consisting of a shell structure interacting with the cavity in this paper, in which the SFEM and boundary element method (BEM) models are used to simulate the structure and the fluid, respectively. The governing equations of the structural-acoustic problems are established by coupling the SFEM for the structure and the BEM for the fluid. The solutions of SFEM are often found to be much more accurate than those of the FEM model. Based on its attractive features, it was decided in the present work to extend SFEM further for use in structural-acoustic analysis by coupling it with BEM, the present SFEM/BEM is implemented to predict the vehicle structure-acoustic frequency response analysis, and two numerical experiments results show that the present method can provide more accurate results compared with the standard FEM/BEM using the same mesh. It indicates that the present SFEM/BEM can be widely applied to solving many engineering noise, vibration and harshness (NVH) problems with more accurate solutions.
Introduction
The interaction between the vibrating structure and the acoustic fluid field can, in many engineering noise, vibration and harshness (NVH) analyses, significantly affect the response of the structure and hence needs to be taken into account properly. Numerical analysis of shell structural-acoustic problem is a complex task, involving the modeling of both the structure domain, the acoustic fluid domain, and the interaction between these two domains, which requires proper treatment of the sub-domains in which different physical phenomena are involved, as well as suitable numerical modeling of wave propagation across interfaces. Displacement is generally the primary variable that can be used to describe structural behavior, while, in the acoustic fluid domain, several different primary variables for modeling the fluid field have been proposed, e.g., displacement (Hamdi et al., 1978) , potential (Everstine, 1981; Morand, Ohayon, 1979) , pressure, and the combination of some of these variables (Bathe et al., 1995) . In this paper, the acoustic pressure in fluid coupled with the displacement in the structure domain is adopted to describe the structuralacoustic problems.
Numerous researchers have studied many different numerical methods for use in solving structuralacoustic problems. The finite element method (FEM) is a favorable numerical approach for engineering problems, including structural-acoustic problems (Davidsson, 2004; Everstine, 1997) . The wellknown problems of using fluid elements in the finite element method (FEM) are the need for an approximate radiation boundary condition at the outer fluid boundary, limitations on mesh size and type, and the difficulty of generating the fluid mesh.
The boundary element method (BEM) has been widely used to model fluids. It is an attractive technique for the analysis of structural-acoustic problem since only the surfaces need to be discretized In addition, the BEM offers the advantage in the discretization compared with the FEM. In order to take advantage of both the FEM and the BEM, coupled finite element method/boundary element method (FEM/BEM) approaches have been proposed (Everstine, Henderson, 1990; Jeans, Mathews, 1990; 1993) . The coupled finite element method/boundary element method (FEM/BEM) is a conventional means of computing responses for fluid-structure interaction system (Kopuz, 1996; Tonga et al., 2007) and structural-acoustic problem (Choi, 1997; Chen et al., 2000; Coyette, 1999) . As is well known, the coupled FEM/BEM is a conventional means of solving the structural-acoustic problem.
The results of coupled FEM/BEM become quite inaccurate because of the "overly-stiff" property of FEM (Liu et al., 2007b) . Therefore, the coupled FEM/BEM models also possess the "overly-stiff" property due to the use of FEM model. The smoothed finite-element method (SFEM) (Liu et al., 2007a; Wang et al., 2015; Li et al., 2014; He et al., 2011; 2013) was recently proposed by incorporation of the gradient smoothing technique with the standard finite element techniques. The primary variable and its gradient solutions of SFEM are often found to be much more accurate than those of the FEM model using quadrilateral meshes. Owning to the "properly-stiff" property of SFEM model, it was decided in the present work to extend SFEM further for use in structural-acoustic analysis by coupling it with BEM. Thus, the authors have formulated a coupled SFEM/BEM for addressing problems associated with structural-acoustic coupled systems that are described by the displacement in the structural domain coupled with the acoustic pressure in the fluid domain. Exclusion of the cell-based gradient smoothing operation was done on the shell element in SFEM, and the formulations of SFEM/BEM are very general and applicable to structural-acoustic problems. According to the previous research it is natural to expect that the SFEM/BEM will obtain more accurate results than FEM/BEM for structure-acoustic problems, even for the vehicle structure-acoustic coupled problems. The numerical results shown that the present method can be well applied to solving vehicle acoustic model with more accurate solutions. The investigation indicates the proposed method has great potential in the practical analysis of NVH problems.
Smoothed finite-element formulation
Consider a structural domain Ω s coupled with a fluid domain Ω f , as shown in Fig. 1 . The fluid is enclosed by a flexible structure Ω s , together with a rigid boundary Γ b and an interface boundary Γ a . 
Formulations for the shell
In this section, the basic equations of shell theory are presented. Based on the first-order, sheardeformation theory, the displacements can be expressed as follows:
w(x, y, z) = w 0 (x, y), where u 0 , v 0 , and w 0 are the displacements of the midplane of the shell in the x, y, and z directions; θ x and θ y are the rotations of the mid-plane around the x-axis and y-axis, respectively, as shown in Fig. 2 . The strain vector ε can be written in terms of the mid-plane deformations, which gives:
where ε m is the membrane strain, ε b is the bending strain, and ε s is the shear strain. They can be given by:
Applying the principle of virtual work (PVW), the weak form of the dynamic variation equation can then be written as:
in which, f is the distributed load applied on the shell. m = diag{m 1 m 2 m 3 m 4 } is the matrix containing the mass density ρ s and thickness l with the form of
The field variable u, the membrane stiffness constitutive coefficients D m , the bending stiffness constitutive coefficients D b , and the shear stiffness constitutive coefficients D s can be expressed as:
where E is Young's modulus, v is Poisson's ratio, and k is the shear correction factor, Np is the number of nodes in the element,
T is the generalized nodal displacement at node I, and N I (x) is the shape functions defined as: (8) where N I (x) is the shape function associated to node I and B mI , B bI and B sI are the strain matrix defined as:
Substituting Eq. (6) into Eq. (4) yields:
where the smoothed stiffness matrix K can be expressed as:
Mass matrix M can be written as:
The force vector F s is:
Considering harmonic forced excitations one can substitute u = Ue jωt into Eq. (10), where j = √ −1 and t is the time. The forced frequency response analysis equation can be written as:
It is obvious that the smoothed membrane and bending strain matrix integration can be solved more easily and efficiently.
Cell-based strain smoothing operation for the shell element
In this sub-section, the cell-based smoothing technique for the shell element is formulated. The shell domain is discretized into N e quadrilateral elements with N d nodes in the standard FEM. Each element domain Ω is divided into SC smoothing cells, such that ear interpolation of shape functions along boundaries of the element or the smoothing cells. Applying the smoothing operation on the bending and membrane strain of the shell, the compatible bending and membrane strain in the C-th smoothing domain can be calculated using:
where H(x) is a given smoothing function that satisfies at least unity property
In this paper, we use the constant smoothing function defined as
where
dΩ is the area of C-th smoothing domain.
Substituting Eqs. (6), (8) and (17) into Eq. (15) and applying a divergence theorem, one can get the smoothed membrane strain:
where Γ c is the boundary of the smoothed cell, n C is the outward normal vector matrix on the boundary Γ c , and ∇s is a differential operator matrix defined as
and the B C mI (x) is the smoothed membrane strain matrix defined as:
Similarly, the smoothed bending strain ε h bC over the domain can be expressed as:
where B c bI (x) can be written as:
The smoothed membrane and bending strains lead to high flexibility such as arbitrary polygonal elements, and a slight reduction in computational cost.
Simultaneously, we use independent interpolation fields in the natural coordinate system for the approximation of the shear strains (Fredrik, 2001) , and the 2 × 2 Gauss quadrature is still utilized, like in (Fredrik, 2001 ).
Finally, the smoothed stiffness matrix K can be expressed as:
According to Eq. (2), after the smoothing operation was implemented on the smoothed domains of the shell, the smoothed strains vector, ε, can be written as:
Formulations of the fluid sub-domain
In the (acoustic) fluid sub-domain, the governing equation for the linear acoustic problems known as the Helmholtz equation is given by
where the n is the exterior unit normal vector of the acoustic fluid. At the interface of the fluid and the structure, the momentum balance require that
where ρ is the density of medium and the normal displacement component of the acoustic fluid at the interface, and the symbol Ω sf denotes interface between the acoustic fluid and structure. The subscript "sf " stands for the interface. The boundary integral equation for acoustic problems can be used for the interior and exterior problems. The weak form of the Helmholtz equation can be obtained using a weighted residuals approach with the following fundamental solution as the weight function:
where r = Q − P , P is a collocation point and Q is a source point. Using Green's second identity theorem, the Helmholtz equation in Eq. (25) can be transformed into a boundary integral equation, which relates the volume integral over the domain V to the surface integral on the boundary S, and, using the standard boundary element procedure, we can get the boundary integral equation:
where n is the outward normal at point Q; C(P ) is a coefficient, which depends on the position of the point P .
The value of C(P ) is calculated by a more general expression defined as:
where G 0 = 1/r. By taking into account the Neumann boundary condition given by Eq. (27) about the relation between the normal derivative of the sound pressure and velocity, then Eq. (29) becomes
p and u n will vary along the boundary and can be approximated by a simple function; hence they can be expressed as a function of their nodal values.
where p j and u nj are the nodal values of acoustic pressure and particle normal velocity at node j, respectively, m is the number of nodes on each surface element and N f are the shape functions. Assume that the boundary of the domain is discretized into N isoparameteric, quadrilateral elements with M nodes. We then place the point P at each of nodal points on the boundary successively which is known as "collocation". For each collocation point P , we substitute Eq. (32) into Eq. (31) and perform the integration over the entire surface, which is actually done on an element-by-element basis. A set of simultaneous linear equation can be obtained when point P is chosen to be all the nodal points on the boundary and the discretized form can be expressed as (Nehete et al., 2015; Fredrik, 2001) :
Combining the constant term C with H matrix, Eq. (33) can be expressed in matrix form as:
and S j is the surface of element j on the boundary. Combining Eqs. (26), (27) and (34), we can get:
where ρ f is the fluid density.
Coupling of SFEM/BEM for structure-acoustic coupled analysis
The general formulation of fluid-structure interaction presented in this section is based on the formulations for the shell and for acoustic fluid. During the interaction, the fluid particle and the structure move together in the normal direction of the boundary, and the interface boundary condition can be written as:
where n is the normal vector along the fluid boundary, u s is the displacement of the shell at the interface, and u f is the displacement of the fluid contacting the shell. At the interface, the continuity in pressure can be expressed as follows:
where the subscript "f " stands for boundary element nodes of the fluid and subscript "s" stands for shell element nodes of the structure at the fluid-structure interface; p s | n stands for the normal pressure of shell element nodes at the interface; p f stands for the pressure of the fluid at the interface. Note that the normal on the interface on the shell n s is opposite the normal on the fluid n f , that is:
Under the equilibrium conditions (27), the motion Eq. (14) can be given in the frequency domain:
where F f is the fluid force load on the structure boundary Ω sf and can be expressed as:
By introducing the spatial coupling matrix L:
where N B is the interpolation function for a four-node quadrilateral BEM element. Then, Eq. (40) can be expressed as:
Considering the boundary conditions of the fluid domain, the BEM model is divided into two parts, a and b, as shown in Fig. 4 . The boundary node pressure values p are sorted into two groups, p a and p b , depending on the boundary upon which they act. The node normal displacement u n is divided into two parts, u a and u b . Then, Eq. (33) can be rewritten as:
and we can get:
where n a and n b are the outward surface normal vectors on the fluid boundaries Γ a and Γ b , respectively.
Combining the structural SFEM model with the acoustic BEM model yields the coupled SFEM/BEM model:
Application examples
In this section, there are two examples of fluidstructure interaction problems used to verify the present SFEM-BEM formulation. We tested the computer program developed based on the proposed formulations. SYSNOISE software was used as a reference in order to validate the numerical model that couples the finite-element method (FEM) with the boundary element method (BEM). Some conclusions were obtained by comparing the reference data with the numerical results. , υ = 0.3, and E = 30 GPa) is on the bottom of the box cavity. The thickness of this flexible shell is 0.001 m, and exhibits simply supported boundary conditions, excited by a point time harmonic force loading at the center of the panel. The box cavity walls, including the rigid wall and the flexible wall, are modeled with boundary elements. The fluid-structure interaction model, as described in (Wang et al., 2015) is shown in Fig. 5 . In this numerical example, the structure and the fluid domain boundary are meshed with quadrilateral elements, and the damping is neglected. To study the performance of the SFEM for the two-dimensional (2D) structural flat shell, the natural eigenfrequencies analyses for the 2D flexible shell were investigated first. The shell was discretized into 81 nodes and 64 quadrilateral elements with an average mesh size of 0.05 m. Table 1 lists the first fifteen non-rigid eigenfrequencies of the flat shell obtained from SFEM. To compare with the FEM, the flexible shell modeled with the shell element using the same nodes and elements was computed by the FEM code, and the FEM numerical solutions of 15 non-rigid eigenfrequencies are listed in Table 1 . As the FEM/BEM can provide appropriate result when the mesh size is sufficiently small, the reference result obtained using FEM in SYSNOISE with a very fine quadrilateral mesh (1681 nodes and 1600 elements) is also employed to make a comparison, and the result is also provided in the table. Table 1 shows that 1) the eigenfrequencies computed using FEM were all larger than the reference solution and 2) the deviation of eigenfrequencies between the FEM solution and the reference became larger as the eigenfrequencies increased. However, the eigenfrequencies obtained from the SFEM were closer in magnitude to the reference than those from the FEM solutions.
Box structural-acoustic problem
To study the performance of the coupled SFEM/BEM for fluid-structure interaction analysis, the forced frequency response analysis for the coupled cavity is then investigated using present coupled SFEM/BEM and the coupled FEM/BEM. A unit load is applied at the center of flat shell, and the acoustic response is measured at the field points 1 and 2. These field points were located in the fluid domain, just above the centre of the vibrating panel at distances of 0.1 m and 0.05 m, respectively. The frequencies ranging from 50 to 150 Hz are adopted to investigate these two formulations. The frequency responses obtained using coupled SFEM/BEM and coupled FEM/BEM are plotted in Figs. 6 and 7, respectively. Since there was no analytical result for this coupled system, the reference responses obtained using coupled FEM/BEM with very fine mesh(quadrilateral mesh of 1681 nodes for the flat shell and quadrilateral mesh of 6724 nodes for cavity wall) in SYSNOISE are also presented in these figures. Figures 6 and 7 show that the results obtained from the coupled SFEM/BEM are in good agreement with the reference results at these frequencies; while the deviations between the coupled FEM/BEM and the reference all increased as frequency increased. 
Automobile passenger compartment with flexible floor panel
In many engineering situations, such as a vehicle passenger compartment, noise and vibration problems generated by fluid-structure interaction are often encountered. The interior noise level of such an enclosure is directly affected by the coupling between the flexible structure and an acoustic cavity. In this subsection, a simple model of coupled vehicle passenger compartment system, which is shown in Fig. 8 , is used to investigate the performance of coupled SFEM/BEM and coupled FEM/BEM. Since the chassis is the major source of structural vibration and induces noise in the vehicle compartment, the coupling between the floor panel and the passenger compartment cavity is of great concern in reducing the noise level. The material of the shell and the acoustic fluid are the same as Subsec. 5.1. The floor panel was modeled as shell structure with all corners fixed, damping neglected, the vehicle passenger compartment was modeled with boundary elements, the floor panel was meshed with 60 quadrilateral elements, and the fluid domain boundary was meshed 236 quadrilateral elements. Similar to the first example, the eigenfrequencies of the vehicle floor panel system were investigated using the SFEM, and the first 10 eigenfrequencies are listed in Table 2 . For comparison, the results obtained from FEM with the same mesh are also provided in Table 2 . In order to make a comparison, the reference results obtained using the coupled FEM in SYSNOISE with a fine mesh (quadrilateral mesh of 961nodes for the floor panel and boundary quadrilateral element of 8794 nodes for air cavity) is also employed and presented in Table 2 . Table 2 shows that the errors of the eigenfrequencies of the floor panel using SFEM were smaller than the errors obtained from the FEM. These results validate that the cell-based strain-smoothing technique provides more accurate stiffness to the floor panel system, and therefore gives better results than FEM.
The forced frequency response for the coupled vehicle passenger compartment was also evaluated. A unit load was applied at the centre of the floor panel, and the responses were measured at the driver's seat point, in the vehicle passenger compartment of acoustic fluid. Frequencies ranging from 50 Hz to 150 Hz, which are of great concern in developing a vehicle, were used to investigate the formulation of the coupled SFEM/BEM. The frequency responses of the driver's seat point using coupled SFEM/BEM and coupled FEM/FEM are plotted in Fig. 9 , respectively. For comparison, the reference results obtained from coupled FEM/BEM in SYSNOISE with a fine mesh (quadrilateral mesh of 961 nodes for the floor panel and boundary quadrilateral element of 8794 nodes for air cavity) are also presented in these figures. As depicted in these figures, the results obtained from the coupled SFEM/BEM are in good agreement with the reference results at these frequencies, while there were significant deviations between the results obtained from coupled FEM/BEM and the reference results. The figure shows that the new method, i.e., coupled SFEM/BEM, can provide more accurate results than the corresponding FEM/BEM approach when used to solve industrial problems. 
Conclusions
This paper presents novel numerical technique called SFEM/BEM to predict the structure-acoustic coupled problems, especially for shell structureacoustic coupled system. Some application examples are investigated in detail to study the panel eigenmodes and structure-acoustic coupled responses. The following conclusion can be derived.
1. The SFEM/BEM can well predict the shell-like structure performance, such as the eigenmodes, structure-acoustic coupled frequency responses. The results of the present method even can obtain higher accuracy than those of FEM/BEM method with the same coarse mesh. It indicates that the present method can be widely applied to solving structure-acoustic coupled problems without increasing much more computational time and decreasing the pre-processing time.
